Assessing use of resources across resource gradients and over time is necessary for determining factors that influence the natural distribution of birds. We analysed the pattern of availability of food resources, the use of food resources and the influence of food availability on reproduction and demography for the Austral Parakeet (Enicognathus ferrugineus) in two southern temperate forests of Argentine Patagonia. The abundance of Austral Parakeets in Nothofagus pumilio forests co-dominated by Araucaria araucana was generally higher and fluctuated more than abundance of populations in monospecific N. pumilio forest. This appears to be related to A. araucana providing a larger but more variable food resource. Austral Parakeets responded quickly to changing availability of resources by modifying their diet if alternative food resources were available, and reproductive success also increased when seed availability was high. We found mixed forests to be a unique and important habitat for Austral Parakeets in the northern part of their range, and conservation management should recognise this special role that mixed N. pumilio-A. araucana forests play in Austral Parakeet ecology.
Introduction
The availability of food affects avian reproduction by influencing the timing of breeding initiation, clutch-sizes and nestling survival, and thus, ultimately, has an effect on vital demographic rates and population trends (Lack 1966; Martin 1987; Hutto 1990; Newton 1998; Ferretti et al. 2005; Salafsky et al. 2007; Verhulst and Nilsson 2008) . Foraging theory predicts that populations of a species with greater access to food may have greater overall breeding success than populations in poorer environments (in terms of quantity or quality of food) (Stephens and Krebs 1989) . For example, intra-and inter-annual variation in the availability of food can affect female nutritional condition and the onset of breeding, which in turn can have both direct and indirect effects on the survival of nestlings (Newton 1998; Salafsky et al. 2007; Verhulst and Nilsson 2008; Zárybnická 2009 ). Furthermore, spatial variation in the availability of food may affect variation in the breeding success of individuals and defensive behaviour of breeding pairs, as well as overall population growth and density (Newton 1998; Fontaine et al. 2009 ).
Very few studies have considered the influence of temporal and spatial variation in the availability of food on the reproduction of neotropical parrots (Psittaciformes) but those that do have shown an important influence of food supply on the growth and survival of nestlings (Renton 2002; Quillfeldt 2003, 2004; Renton and Salinas-Melgoza 2004; Sanz and Rodríguez-Ferraro 2006) . Understanding the influence of environmental factors on breeding success and population vulnerability to environmental change is urgently needed for the management and conservation of Neotropical parrots. The relationship between inter-annual variation in environmental conditions and availability of food are particularly important for psittacid species in temperate regions where marked seasonal variations limit resource availability and affect parental condition (Masello and Quillfeldt 2003) and, thus, reproductive parameters, breeding success and population size.
The Austral Parakeet (Enicognathus ferrugineus) has the most southerly distribution of any psittacid, being restricted to the southern temperate forests of Andean Patagonia (36-54 S) (Forshaw 2010) . Its distribution coincides with the distribution of Nothofagus forests (Veblen et al. 1996) and, in the northern part of its range, with the distribution of Araucaria araucana forests (Gonzalez et al. 2006 ). Both Nothofagus pumilio and A. araucana have strong masting patterns of seed production (Gonzalez et al. 2006; Heinemann 2007; Sanguinetti and Kitzberger 2008) , defined as the intermittent and synchronous production of large seed crops by individuals in populations of long-lived plants (Kelly 1994 ). Yet the cycles between N. pumilio and A. araucana are not synchronised and vary in length (Gonzalez et al. 2006; Heinemann 2007 ) thereby producing cyclical pulses of food resources at inter-annual to decadal time-scales that are especially important to granivores (Ostfeld and Keesing 2000; Schnurr et al. 2002; Areta et al. 2009 ). The Austral Parakeet is granivorous and depends on flowers and seeds of N. pumilio growing in monospecific forests (Díaz and Kitzberger 2006) , with almost 100% of its breeding season diet composed of food derived from N. pumilio. There are also anecdotal reports of Austral Parakeets feeding on A. araucana seeds (Gonzalez et al. 2006; Sanguinetti and Kitzberger 2008) .
In this paper, we present data on the breeding biology of the Austral Parakeet in mixed N. pumilio-A. araucana forest and forests dominated solely by N. pumilio (monospecific N. pumilio forests), and we analyse the relationship between reproductive parameters and fluctuations in the availability of food. By assessing seasonal use of resources in these two forests we sought to clarify how Austral Parakeets use resources throughout their range and how they respond to variation in the availability of food owing to the masting cycles of their food plants. The main objectives of our study were to determine a range of reproductive parameters and the relative abundance of Austral Parakeets, to identify yearly fluctuations in these parameters, and to identify dietary factors that may be responsible for any variation observed. We hypothesised that the reproductive performance and relative abundance of Austral Parakeets would be highly influenced by tree-species of the forests they inhabit and the differential patterns of food available in each of these southern temperate forest types. We predicted different foraging strategies in populations of Austral Parakeets in mixed N. pumilio-A. araucana forests compared to populations in monospecific N. pumilio forests owing to differences in the diversity, quality and year-round availability of food. Compared to monospecific forests, we expected that mixed forests would provide a more stable food source owing to the non-synchronicty of food resources on inter-annual (due to masting) and intra-annual (differential phenology) timescales. In turn, we predict higher hatching rates and reproductive success of Austral Parakeets in mixed forests than in monospecific forests.
Methods

Study area and study species
This study was conducted in two representative forests of northwestern Patagonia, Argentina,~180 km apart, between 2007 and 2010: Both forests have been affected and shaped by fire events, although Challhuaco has been more affected by uncontrolled logging. Climate is similar at both sites, with marked seasons, consisting of dry summers (December-March) with average daily temperatures of 17-19 C, and periods of intensive rain and snow between late autumn and early spring (April-September), with average daily temperatures of 7-8 C. Annual mean precipitation is 1300-1800 mm in the Challhuaco Valley (Paruelo et al. 1998 , Barros et al. 1983 ) and 2000-3500 mm in the Tromen area (Autoridad Interjurisdiccional de Cuencas, Malalco Meteorological Station, data available by request).
Austral Parakeets nest only in tree-cavities, mainly in Nothofagus species. Breeding occurs once per year, between December and March, and the start of nesting is highly synchronised between nesting pairs living in the same forest. Broods are of 5-8 young, sometimes as many as 11, and both parents help raise the young (Díaz, in press) . Broods are large compared with those of other Neotropical Psittacidae (Masello and Quillfeldt 2002; Renton and Salinas-Melgoza 2004; Brightsmith 2005) .
Phenology of food items
Over the 3 years 2007-10 we monitored all types of food both potentially available and seen to be eaten by Austral Parakeets at both sites. To assess availability of food (i.e. relative abundance of potentially consumable food types) we recorded the phenological state of foliage and reproductive structures of all food-types consumed by Parakeets. In each study site, plant phenology was assessed monthly along 300 m-long transects located within the forest, and a minimum of 50 m from roads and trails to avoid the presence of edge species. In the N. pumilio forest, we sampled along 18 transects placed every 60 m, orientated perpendicular to the altitudinal gradient. In the mixed forest, where no altitudinal gradient was evident, we sampled along 20 randomly placed transects. Along each transect, ten 10 Â 10-m plots were placed at 20-m intervals starting at 10 m (n = 10 plots per transect). Within each plot, we visually assessed the number of all trees, shrubs, herbs and hemiparasitic plants that may be food for Austral Parakeets. Each transect was considered one sampling unit, so the value of each transect was recorded as the average of all plots along the transect. To record phenological stage, monthly surveys of presence of flowers and fruit were conducted using binoculars (Zeiss 8 Â 30 Conquest T*, Germany) for all species present within transect plots. Fruits and seeds were included in the analysis once they were ripe enough to be eaten, indicated by colour and size (depending on species), following previous observations of Parakeets feeding on them (S. Díaz, pers. obs.) . Only reproductively mature trees of N. pumilio and A. araucana were recorded. Mature trees were defined as those with a diameter at breast height (DBH) >20 cm, and taller than 5 m for A. araucana (Sanguinetti and Kitzberger 2008; S. Díaz, pers. obs.) .
Flower and seed production
During the study period and in both study sites, seeds and male flowers of N. pumilio were quantified once mature. Nothofagus pumilio is monoecious, so male and female flowers were counted on the same plants in October and February respectively between 2007 and 2010. A single branch 30 cm long was cut from 20 N. pumilio trees to count the number of flowers and seeds (40 branches total); trees were randomly selected and were not from the phenological transects. A. aruacana is dioecious. Pollen cones of A. araucaria were counted when mature in November, between 2007 and 2010. Data on production of A. araucana seed cones were obtained for a broader range of years, from 2005 to 2010, and were counted during January. A. araucana reproductive structures were counted (using 8 Â30 binoculars, as above) on 72 randomly selected trees of each sex. The total number of cones per tree was estimated by counting at least half of the entire tree, depending on the amount of visible crown, and then multiplying the number of counted cones by the percentage measured to estimate the uncounted cones. The study period included one marked A. araucana masting year (2007) and two nonmasting years.
To determine annual pollen production, pollen was collected from 100 male N. pumilio flowers from 10 different N. pumilio trees and 20 male A. araucana cones from 20 different A. araucana trees (all randomly selected). Pollen from each flower or cone was weighed (using a 0.0001-g precision Metter scale) and used to calculate the mean quantity of pollen produced per flower or cone. Total pollen production per tree was calculated as: the number of flowers or cones per tree Â mean weight of pollen per cone or flower (g). Average annual pollen production for each species was estimated as the average total pollen production for all 20 N. pumilio trees for which flowers were counted and the 72 A. aruacana trees for which cones were counted.
Seed production of each N. pumilio was calculated as the number of seeds per cut branch Â the number of main branches on the same tree. As seeds were found only in the outer part of main branches, this method may be an appropriate relative measure, although it may be an underestimation. Seed production for A. araucana was estimated by multiplying the average number of seeds per cone produced that year (Sanguinetti and Kitzberger 2008) by the number of female cones counted on each of the 72 trees measured. In this way, the mean annual production of cones and seeds was obtained for each year for each species.
Seeds that fall from A. araucana in autumn (March-June) often remain intact until the following spring (September-December) and may serve as an important source of pre-reproductive food for Austral Parakeets. Currently, there is no evidence of any bird other than the Austral Parakeet foraging on fallen A. araucana seeds from the crop of the previous years, although wild Boar (Sus scrofa) and rodents frequently eat them (Sanguinetti and Kitzberger 2008) . However, noticeably different markings on the seed husks left by wild Boars, rodents and Austral Parakeets allow clear distinction between seed predators (S. Díaz, pers. obs.) . During October-December of each year, we counted fallen but uneaten A. araucana seeds in a transect 2 Â 20 m (based on the maximum A. araucana seed dispersal distance of up to 20 m from an individual tree; Gonzalez et al. 2006) , extending from the base of 20 different female trees. Transects began at the trunk of the tree and were assigned a random orientation, in such a manner that no overlap occurred between neighbouring female A. araucana trees. Availability of A. araucana seeds from the previous season on the forest floor was included in the spring analysis of food availability (see Statistical analysis below).
Diet
Diet was assessed by direct observation. Foraging Parakeets were observed by walking systematically through the study sites between 0800 and 1100 hours; four observers were used in pairs. Observations were recorded daily during the first and third weeks of every month between October and March, and 4 days per month for the rest of the year (total observation time = 720 observation hours in mixed N. pumilio-A. araucana forest and 588 h in monospecific N. pumilio forest). When a flock (!2 birds) was detected foraging, one bout was recorded (thus ensuring the independence of each observation), as well as the location, type of item consumed and the species of plant involved (Galetti 1993; Walker 2007) . Feeding bouts varied from a few seconds to several minutes. A recorded feeding bout was marked as ended when the flock stops eating (and leaves the area).
Previous observations of the species suggest that all individual Parakeets in a flock foraged on the same food item at that time (S. Díaz, pers. obs.).
Reproduction of Austral Parakeets
Breeding was studied at 24 natural nests in the N. pumilio forest and 39 nests in the mixed N. pumilio-A. araucana forest over the three breeding seasons (December-March) of the study (2007-08 to 2009-10). All nests in the N. pumilio forest and 89% of nests in the mixed forest were in N. pumilio trees, with the remaining mixed-forest nests in A. araucana trees. The number of eggs or nestlings were determined by inspection of nests using a homemade wireless inspection camera attached to a telescopic pole, or by climbing to cavities with ropes and aluminum ladders. The camera (6 Â 2 Â 2 cm) was attached to a 20 cm-long flexible metal support mounted on a 15 m-long pole (in two sections of 7.5 m that could be used independently or together). Images from the cavity were viewed from the ground by using a wireless monitor. When climbing nest-trees, cavities were examined with a mirror and flashlight. Nest-inspections were performed every other day (starting from the end of November) to determine the date of laying, until the clutch was complete (i.e. as Austral Parakeets lay eggs every 1-2 days, when no new eggs had been laid after 1 week). After this, inspections occurred once per week, until the end of the nesting period. Inspections were always done when the female was outside the nest or when all adults away from the area of the nest-tree. Reproductive parameters determined were date of laying, clutch-size, hatching success (number of hatched eggs) and number of nestlings. Reproductive success for each nest was calculated as the ratio of the number of fledglings to clutch-size, and the reproductive success of individual nests was calculated for both sites in each year of the study. No nests failed during the study period (all fledged at least one young).
Abundance of Austral Parakeets
Relative abundance was determined by counting individuals in flocks (as well as number of flocks) at social sites where Parakeets congregated during the early morning (S. Díaz, pers. obs.): two in the N. pumilio forest and three in the mixed forest. Counts were made between 0600 and 0900 hours over 4 consecutive days in each study site, in the period before the start of laying (end of November; roost survey method suggested by Casagrande and Beissinger 1997) . At each social site, two observers counted flocks at the same time (thus four observers counted in the N. pumilio forest and six in the mixed forest at the same time). For the mixed forest, counts were done from 2005 to 2010, whereas in the N. pumilio forest, counts were done only for 2007-10. Flock counts were pooled over 1-min periods so that the maximum number of Parakeets observed at the same time in all social sites in each forest was considered the relative abundance of Parakeets for the given forest.
Statistical analyses Diet
The availability of food was defined as the number of available food types (number of species with seeds or flowers) each month. Temporal changes in availability were then analysed using a paired Wilcoxon test to evaluate differences in the number of available food types between months. A Mantel test was performed to determine possible associations between the availability of potential food types and their actual use throughout the year and between study sites. The Mantel test was performed using presence (1)absence (0) matrices of available food types versus food types that were used (1)non-used (0). This method of analysing diet emphasises the diversity of different food types ingested by the Parakeets, but does not consider the amount of each food that is eaten. However, the duration of feeding bouts could not be used as a complementary measure of diet because Parakeets tend to fly away when they detect an observer. In this way, the Austral Parakeet's diet was estimated based on the frequency of feeding bouts for each food type (Galetti 1993) .
Niche breadth was evaluated using the standardised Hurlbert's niche-breadth index (Krebs 1989) , where values close to 0 indicate dietary specialisation, and values close to 1.0 indicate a broad diet. Hurlbert's index uses the Levins' index (Levins 1968 ) and incorporates a measure of the proportional abundance of resources. Hurlbert's index was calculated from observations of Parakeet diet during October-March using the number of Parakeets feeding on a given food type and the number of fruiting individuals of each food plant species recorded in plot transects each month.
Similarity or overlap in Parrot diet between the two study sites was evaluated using the Morisita index of similarity (Krebs 1989) for quantitative data on occurrence of food types in the diet. The number of Parakeets observed feeding on each food type between sites was used for this test. This index varies from 0 (no similarity) to 1.0 (complete similarity).
Reproduction and abundance
The number of eggs and nestlings per nest and reproductive success (the ratio of the number of fledglings to the number of eggs per nest) were tested for normality using a Shapiro-Wilk test. Non-parametric Kruskal-Wallis tests with Dunn post hoc tests and Mann-Whitney tests were performed to determine if reproduction differed between the N. pumilio forest (n = 24) and the mixed forest (n = 39) over the three years of the study. The relative abundance of Parakeets in the mixed forest was correlated with mean seed production of A. araucana from the previous year using Pearson's correlation coefficient.
All statistical analyses were performed with R statistical software version 2.13.1 (R Development Core Team Foundation for Statistical Computing, Vienna, Austria, www.r-project.org, accessed 20 March 2012). All mean values are reported AEs.e., and variables were consider to be significant at P < 0.05 unless stated otherwise.
Results
Availability of food and consumption
Araucaria araucana has an average of 0.85 g of pollen per cone, and a mean of 160 male cones per tree in a non-mast year and 626 cones per tree in a mast year; N. pumilio has an average of 0.01 g of pollen per flower, with an average of 24 376 male flowers per tree. Individual A. araucana cones produce an order of magnitude more pollen than individual N. pumilio male flowers. However, based on the estimated weight of pollen per cone or male flower (above), estimated production of pollen per A. araucana tree was 136.0-532.1 g and 243.8 g in N. pumilio. The mean weight of an A. araucana seed is 3.5 g (Sanguinetti and Kitzberger 2008) , and that of a N. pumilio seed is 9.8 mg (Cuevas 2000) . The estimated weight of seeds per A. araucana tree was 0.98 kg in non-masting years and 11.875 kg in masting years, whereas the estimated weight of N. pumilio seeds per tree was 0.2 kg.
Availability of food in the forests during the breeding season of Austral Parakeets was not significantly different between sites (Z = 0.2, P = 0.089; Fig. 1 ). The asynchronous flowering and seeding phenology of N. pumilio and A. araucana in the mixed forest provided a more consistent supply of food throughout the year than in the monospecific N. pumilio forest (Table 1) . In contrast, the monospecific N. pumilio forest showed a critical scarcity of food at the end of autumn and in winter (April-September), when little more than leaf buds and fungus were occasionally available as food. There was no such shortage in the mixed forest, because A. araucana seeds remained in trees and on the forest floor and the phenology of N. pumilio in the mixed forest was more advanced temporally than in the N. pumilio forest (Table 1) .
We observed 93 Austral Parakeet feeding bouts in the N. pumilio forest on three plant species in two genera (Table 1) . Austral Parakeets used items as they became available in both forests (Table 1 ). There were occasional observations of Parakeets feeding on ephemeral leaf galls of N. pumilio (flocks of 5-80 Parakeets in 79 observations), seed galls (136 Parakeets in 12 observations) and insects from within male cones of A. araucana (221 Parakeets in 69 observations); these items served as additional but ephemeral food resources (i.e. available only for a few days and no longer than 1 week). These data were not included in the statistical analysis of diet as the availability of the items was not quantified owing to their short temporal availability. Food types selected by Parakeets were significantly correlated with their availability at both sites (Mantel Test, r = 0.51, P = 0.04; r = 0.30, P = 0.01). However, the Morisita indices of similarity for both sites were fairly low in all months, showing a clear difference between diets in the two forests (Table 2) , owing to the presence of food items from A. araucana in the mixed forest. Differences between the diets in the two forests were lowest in January and February (Morisita indices intermediate), when Parakeets fed on seeds of N. pumilio in both forests.
In the breeding season, Hulbert's standardised niche-breadth index (Fig. 1) showed different patterns at the two study sites. The index was fairly high for the N. pumilio forest, with the exception of November, indicating that food was generally used according to its availability (Fig. 1) . In contrast, in the mixed forest, the index was low during the pollen-feeding period (October-November), indicating selectivity, and the index increased dramatically in January and February when food resources were more abundant (Fig. 1) . A 1-month lag was evident between the two forests, with the peak of food availability in the N. pumilio forest in December, and in January in the mixed forest (r lagged = 0.85, d.f. = 3, P = 0.05).
Seasonal patterns of food consumption
In the N. pumilio forest, Parakeets restricted their diet to food types from N. pumilio and its hemiparasites Misodendrum punctulatum and M. linearifolium (the latter as occasional items; see Table 1 ). In another study, the diet in early spring was found to consist of poorly digestible Misodendrum pollen (Díaz and Kitzberger 2006) . By early November (late spring), after the first flowers of N. pumilio emerge at lower elevations, Austral Parakeets switched entirely to highly digestible N. pumilio pollen (Díaz and Kitzberger 2006) . Parakeets continued to feed on pollen until late December using later flowering N. pumilio at higher elevations, but there is nonetheless a short period where food is scarce in late December (Table 1) . During this early summer shortage of food, Parakeets have been reported occasionally feeding on galling insects (cf. Díaz and Peris 2011) and honeydew (Díaz and Kitzberger 2006) . After the ripening of seeds of the lowest elevation N. pumilio in early February, the diet of Austral Parakeets switched almost entirely to seeds of N. pumilio, with seeds of Misodendrum eaten occasionally. Parakeets continued to feed on seeds of N. pumilio until April, when most of the seeds had fallen. Food was extremely scarce in late autumn and winter. At this time, Parakeets have been reported occasionally feeding on Misodendrum buds and Cyttaria fungal fruiting bodies (present study; cf. Díaz and Kitzberger 2006) . High specialisation on N. pumilio pollen in spring and N. pumilio seeds in summer is reflected in low Hulbert's indices during November and February (Fig. 1) . In contrast, in the mixed N. pumilio-A. araucana forest, highquality food was more evenly available throughout the year because both N. pumilio and A. araucana were providing food resources (Table 1 ). In early spring (October), the diet consisted of a combination of pollen from new N. pumilio flowers and A. araucana seeds remaining on the ground from the previous autumn that are exposed after snow-melt. By mid-to late spring, with no altitudinal gradient in the mixed forest and therefore a shorter period of N. pumilio pollen availability compared to the monospecific N. pumilio forest, Parakeets fed principally on the maturing, long-lived male A. araucana cones, but also foraged occasionally on Misodendrum flowers. A. araucana pollen formed the main source of food from late spring to early summer, so the summer gap evident in the N. pumilio forest was absent. By January, Parakeets gradually switched from A. araucana pollen to a diet of seeds, first early maturing N. pumilio and Misodendrum seeds then, by March, to the crop of A. araucana seeds, which remained available through winter.
Diet and reproductive timing
The timing of the main reproductive stages differed between sites (Table 1) . Clutch completion occurred 20 days earlier in the mixed forest (mean 8 December, range 4-20 December, n = 39) compared to the N. pumilio forest (mean 26 December, range 20 December-6 January, n = 24). In the N. pumilio forest, laying coincided with the end of N. pumilio flowering, whereas in the mixed forest, laying coincided with the peak of A. araucana pollen release (late November-early December). In the N. pumilio forest, incubation coincided with the summer period of food scarcity ('food gap'), whereas in the mixed forest incubation coincided with the availability of A. araucana pollen. Presumably Parakeets fed their nestlings mainly N. pumilio seeds in the N. pumilio forest, whereas in the mixed forest they first fed them with N. pumilio seeds followed with A. araucana seeds during the last several weeks of their development in the nest. These seedbased diets continued throughout the fledgling period, in autumn, in both forests but seeds were available all winter only in the mixed forest (Table 1) .
Spatial and temporal variability in demography
Clutch-size was significantly different between 2007-08 and 2009-10 (Table 3) , with higher values in 2007-08 and lower values in 2009-10 (Table 4 ). We found no significant differences in clutch-size between forests in these two seasons, although clutches tended to be larger in the N. pumilio forest than in the mixed forest (Table 4 ). In 2008-09, the pattern in clutch-size was reversed, with significantly larger clutches in the mixed forest than in the N. pumilio forest (Table 4 ).
Table 3. Variation in size of clutches and broods and reproductive success in both forests
Differences between years were assessed with Kruskal-Wallis and post hoc Dunn tests; differences between sites were assessed with Mann-Whitney tests. Significant results are shown in bold (with P given in parentheses)
Clutch-size Brood-size Reproductive success
Differences between years x 2 = 10.47 (d.f. = 2, P = 0.005) c 2 = 3.06 (d.f. = 2, P = 0.216) x 2 = 9.39 (d.f. = 2, P = 0.009) 08-09 (P = 0.892) 08-09 (P = 0.177) 08-10 (P = 0.014) 08-10 (P = 0.006) 09-10 (P = 0.010) 09-10 (P = 0.605) Differences between forest types U = 5 (P = 0.071) U = 3969 (P < 0.001) U = 96 (P < 0.001) N. pumilio forest and mixed  A. araucana-N. pumilio forest over the 3 Number of nests 7 7 10 12 20 7 Clutch-size 8 ± 2.4 5.3 ± 0.7 6.1 ± 1.5 6.6 ± 0.8 7.5 ± 1.4 5 ± 0.7 Brood-size 4.5 ± 1.3 3.1 ± 0.4 4.7 ± 1.2 4.3 ± 1.3 6.0 ± 1.5 4.1 ± 0.9 Reproductive success 0.56 ± 0.07 0.6 ± 0.09 0.77 ± 0.12 0.65 ± 0.17 0.8 ± 0.12 0.89 ± 0.18
In contrast to clutch-size, brood-size differed between forests (Table 3) , with significantly larger broods in the mixed forest than in the N. pumilio forest (Table 4) . Also, unlike clutch-size, we found no differences between years, although in 2009 broodsize in the mixed forest was larger than in the N. pumilio forest ( Table 4 ). The patterns of brood-size may indicate a strong influence of local conditions, such as local availability of food (Fig. 1) , on hatching success in populations of Austral Parakeet (Fig. 2) .
Reproductive success (ratio of number of fledglings to the number of eggs per nest) varied between years and forests ( Table 3) . Mean reproductive success was significantly higher in the mixed forest for all years combined (mixed forest = 0.77 AE 0.16; N. pumilio forest = 0.69 AE 0.14; Mann-Whitney Test U = 96, P = 0.043), indicating an~10% increase in the number of eggs reaching fledgling stage in the mixed forest. Reproductive success was also higher in mixed forest compared to the N. pumilio forest nests in every year (Table 4 , Fig. 2) .
The mean number of Parakeets in the 200-ha N. pumilio forest was 153 individuals (s.e. 9.5, range 144-163) over the 3 years of the study, and remained fairly constant during the 3 years ( Fig. 3) . In contrast, the estimated number of Parakeets in the 168-ha mixed forest was greater and varied more between years, with an overall mean of 179 individuals (s.e. 102, range: 70-274; Fig. 3 ) over the 3 years of the study (Mann-Whitney U = 1296, P < 0.001).
A larger dataset of relative abundance of Parakeets and production of A. araucana seed cones in the mixed forest between 2005 and 2010 showed a significant correlation between Parakeet abundance and mean production of A. araucana seed cones in the previous year (r = 0.97, d.f. = 3, P = 0.005; Fig. 4 ).
Discussion
The overall higher relative abundance of Parakeets in the mixed forest compared with the monospecific N. pumilio forest, and the larger fluctuations in numbers, appear to be related to the larger, but inter-annually variable, year-round resource base of A. araucana food types in the mixed forest. A. araucana seeds constitute a nutritionally and quantitatively important food resource but there are large differences in the abundance of this resource between years (Sanguinetti and Kitzberger 2008) . Despite this, A. araucana seeds remain packaged in female cones for several months until they finally fall to ground in autumn and winter (Gonzalez et al. 2006) . Thus, pre-dispersal seed predation by Parakeets is a low cost foraging activity because Parakeets can ingest a large number of seeds without moving much within the canopy or between crowns. Parakeets also feed on any seeds that fall to the ground (which occurs commonly as the result of destruction of cones by parrots), particularly when they fall on snow-covered ground. Thus, as a result of their large size and persistence on trees or on the ground, A. araucana seeds represent a fairly constant, abundant, low-cost and accessible source of food to Austral Parakeets. In contrast, the seeds of N. pumilio are small, scattered along branches and within the crowns of trees and forest canopy, remain only briefly on the trees as they mature rapidly (a few weeks; Rusch 1993) fall to the ground and then rapidly decompose, and so are then unavailable as food for Parakeets. Parakeets have only rarely been observed feeding on ground in N. pumilio forests while seeds are available (S. Díaz, pers. obs.) . Therefore, years of high A. araucana seed production may increase winter survival of Parakeets because individual nutritional status before winter is higher and because fallen seeds are available throughout the winter and early spring. Nonmasting years of A. araucana are a critical period of food scarcity in mixed forests that are clearly associated with reduced populations and reproductive success. In a previous study in monospecific N. pumilio forests, Díaz and Kitzberger (2006) showed that Austral Parakeets had adapted to make use of highly nutritious but hard to digest N. pumilio pollen in food-limited habitats. By destructively harvesting large amounts of the short-lived N. pumilio flowers along altitudinal phenological gradients, Parakeets were able to extend the use of pollen through the entire spring (Díaz and Kitzberger 2006) . In our study we showed that Parakeets also fed on the thick-coated pollen of A. araucana (as described in Markgraf and D'Antoni 1978) and, by doing so, gain access to a rich source of protein during a period of otherwise limited availability of food and that may be crucial to successful breeding. The longevity of male cones on A. araucana trees (~15-20 days in the tree, 10-15 days on the forest floor; Gonzalez et al. 2006 ) is much longer than longevity of flowers of N. pumilio (~10 days in the tree; Premoli et al. 2007) . In contrast to the inconspicuous male flowers of N. pumilio, which are consumed exclusively on the trees, Parakeets take advantage of the greater longevity of A. araucana cones by feeding on those that remain intact on the ground after peak pollination (S. Díaz, pers. obs.) .
These patterns of resource tracking and exploitation by Austral Parakeets concur with optimal foraging theory (Stephens and Krebs 1989; Moermond 1990) , which predict selection of food resources that require less handling time or lower expenditure of energy per unit of resource gained. Consistent with this, it may be predicted that seed predators, such as parrots, will track food resources in order to exploit temporal and spatial abundances in seed production. Seasonal variations in diet have been noted for Indonesian (Walker 2007) , Australian (Rowley and Chapman 1991) , and some Neotropical (Galetti 1993; Wermundsen 1997; Renton 2001) parrots. Owing to the scarcity and patchiness of food resources in pure N. pumilio forests, Austral Parakeets are forced to move distances of hundreds of metres to several kilometres, but remaining within pure N. pumilio forests, in search of food and to follow the phenological phases of N. pumilio flowering and seeding (Díaz and Kitzberger 2006) . In contrast, foraging behaviour in mixed N. pumilio-A. araucana forests is very different. Because food is more evenly distributed throughout the year, in most years, with no altitudinal gradients influencing phenology, and is spatially concentrated, Austral Parakeets spend less time and energy in searching for and handling food in mixed forests than in N. pumilio forests.
Higher reproductive success in mixed forests is probably the result of two factors: (1) the availability of A. araucana seeds from the previous season during the early spring pre-laying period, particularly in years following masting events and (2) the availability of protein-rich A. araucana pollen during the breeding season to supplement the diet. This highlights the importance of the timing of the availability of food resources, not just the absolute abundance of food, as a critical factor influencing reproductive success. Despite consistently higher reproductive success of Austral Parakeets in mixed forests, they showed much greater interannual variation in relative abundance in these forests than the populations from monospecific N. pumilio forests, which varied little throughout the study period. We suggest that the stability of populations in monospecific N. pumilio forests relates to the long period between masting events, which occur approximately every 10 years, and between which production of flowers and seeds is low (Cuevas 2000; Heinemann 2007 ). Our study period was conducted between masting events. In contrast, A. araucana has much shorter masting cycles, with masting occurring approximately every 3-4 years (Gonzalez et al. 2006) . During our study, 2007 was such a masting year, and 2008 a non-masting year. We found the change in abundance of Parakeets in response to levels of A. araucana seed production is delayed by 1 year, with relative abundance increasing in 2008, following masting in 2007, and declining in 2009, following a non-masting season.
Smaller populations in years following non-masting seasons may be a product of higher winter mortality rates or reduced return rates to breeding habitats, or both, although our data cannot distinguish between these mechanisms. Interestingly, for those breeding pairs that do return after non-masting years, we found reproductive success was lower than in other years within mixed forests but remained higher than in the monospecific N. pumilio forests. This may indicate that availability of food types in spring, such as A. araucana seeds from the previous season and A. araucana pollen are sufficient for successful initiation of breeding. The fact that the relative abundance and reproductive success of Austral Parakeets showed a contrasting pattern in non-masting years in the mixed forest suggests that relative abundance may be a poor measure of habitat quality for this species. This is supported by several studies elsewhere that show that a density and productivity relationship is not always the rule in avian populations (see for example review from Bock and Jones 2004, Johnson 2007 ) and variables such as survival rates, reproductive success and rates of disturbance may be also important and should be considered when estimating habitat quality (see for example Van Horne 1983; Vickery et al. 1992; Pérot and Villard 2009) .
The Austral Parakeet is the most southerly distributed parrot in the world, and is highly dependent on forests for shelter, nesting habitat and food. However, different forest types differ in the availability of these important resources, not only in quantity but also in the timing of resource availability. We found Austral Parakeets clearly responsed to differing resource availability in contrasting habitats. Austral Parakeets showed a clear functional response (Kitzberger et al. 2007) to changes in the availability of food by optimising their diet to include the most abundant, concentrated and nutritional food types. Further, Austral Parakeets showed a numerical response (Ims 1990) in abundance in response to the A. araucana masting cycle. We found mixed forests, in which N. pumilio provides abundant nesting sites (Ojeda 2006; Díaz, in press) and A. araucana provides a rich and stable food source, are clearly a unique and important habitat for Austral Parakeets in the northern part of their distribution. However, forests of A. araucana have a very restricted distribution and are vulnerable to degradation from invasive species and human actions (Gonzalez et al. 2006) . Conservation management should recognise this special role that mixed N. pumilio-A. araucana forests play in Austral Parakeet ecology and take the necessary steps to protect them. Feder), Birder's Exchange, Idea Wild, Rufford Small Grant and a CONICET (Consejo Nacional de Investigaciones Científicas y Técnicas) doctoral grant to S. Díaz.
